Research Highlights: Forest owners will be able to solve the problem of testing and selection of viable forest seeds on location and save financial, time, and material resources. The possibility of integrating non-destructive quality control and separation functions in a single portable apparatus is extremely promising. The speed of the contemporary optoelectronic grader is limited by the speed of the slowest component-the mechanical system. Background and Objectives: The technological process of forest seed establishment and design of optoelectronic graders is based on a priori mathematical modeling of structural characteristics, taking into account these criteria. Known models of industrial photoseparators are expensive and have a high energy and material consumption not applicable in the field. Laboratory seed analyzers are characterized by a long time exposure, and the overall size and level of climatic performance do not allow them to be used in the field. Consequently, for small amounts of seed treatment, it is necessary to orient the seeds one by one and ensure clear and rapid coordinated actions of optoelectronic and mechanical systems. The main goal of this research is to increase the efficiency of grading forest seeds by patterning the speed of the mobile device. We will answer the following questions. What are effective geometric parameters for the seed pipe? What factors affect the speed of a single seed's movement? Materials and Methods: This study is based on mathematical modeling, taking into account the basic principles of mechanics, using MatLab software. Results: A mechanical model of a single Scots pine seed's motion in different zones of the seed pipe is designed, taking into account air resistance. The effective height of the seed pipe, taking into account the response time of optoelectronic grader systems, is determined. Conclusions: The time and speed of single seed movement through grader systems depends on the seed pipe's height and radius of curvature. Other things being equal, through the use of the same optical scheme with a microprocessor to solve various problems, the compactness of the photodetector scheme allows, if necessary, to upgrade the grader to solve research problems and for use in forestry.
Introduction
Drapalyuk and Novikov point out that "the technology of obtaining seed material with specified qualitative characteristics and technical means for its implementation should ensure the allocation of it at the earliest stage of processing of color-seed races, which are the basis for subsequent separation by quantitative characteristics and obtaining forest crops with improved hereditary properties" [1] . Modern
In the optoelectronic module, the luminous flux from the light source enters through the lens and the transparent wall of the pipeline to the surface of the falling seeds. The reflected light flux from the surface of the seeds enters the input of the optical convert group of the reflected signal, and the transmission light flux enters the input of the optical convert group of the transmitted signal. From the outputs of the optical groups, the signals are fed to the input of the electronic group for processing and control. Based on the analysis of the spectral characteristics of the seed, the group generates control signals for the stepper motor rotating the sorting pipeline through the reducer. The motor ensures that its output is brought to a position that coincides with the input of the seed storage cell in which the seeds with optical characteristics coinciding with the characteristics of the sorted seed are located. For zone I, we establish a one-dimensional Cartesian coordinate system. For zone II, we establish a two-dimensional natural coordinate system. For zone III, we establish a two-dimensional Cartesian coordinate system.
Theoretical Assumptions
Imagine the movement of a single seed as the movement of its center of mass. The center of mass moves as a material point, in which is concentrated the entire mass of the seed and to which is applied the resultant of the external forces . The movement of seed occurs through three distinct zones (see Figure 1 ). Consider the initial conditions of motion in each of them. For zone I, we establish a one-dimensional Cartesian coordinate system. For zone II, we establish a two-dimensional natural coordinate system. For zone III, we establish a two-dimensional Cartesian coordinate system. The advantages of the grader are its high speed, limited only by the speed of the mechanical module, the ability to implement any program seed's analysis and sorting, as well as the ability to use the device in the field [25] . This will save potential customers money, time, and resources for the purchase or transportation of expensive coniferous seeds to seed centers, solving the problem of sorting seeds on location [32] .
The grading of pine seeds is a set of physical and mechanical transformations, changes in the motion parameters of single seeds under the action of resistance forces, purposefully carried out in the apparatus. Since the nominal speed of the mobile optoelectronic grader depends on the mechanics of seed movement, it is necessary to determine the time intervals in the characteristic areas. During this time, the seed should have time to pass the diagnosis and be separated into the appropriate receiver. This study also answers the following questions. What should the height of the seed pipe be? What factors affect the speed and time of movement of seeds in the seed pipe?
Materials and Methods
The object of study was the seeds of Scots pine (Pinus sylvestris L.), the shape of which was approximated by an ellipsoid or spheroid [29] . Seeds were obtained from cones collected in a natural forest stand of the Voronezh region, Russia.
The aim of the study amounted to modeling the movement of a single seed into the mechanical (separation) system of the optoelectronic grader according to the patent [26] developed with the participation of the authors. The principle of grader operation is the interaction of dosing, diagnostic, and grading modules (see Figure 1 ). A vertically arranged transparent seed pipe receives seeds for separation. Based on the analysis of the spectral characteristics of a single seed obtained at the outputs of the optical unit, the electronic unit generates control signals of a stepper motor rotating a curved seed pipe through the reducer in zone II. Here, it is necessary to bring its output to the position coinciding with the entrance of the chamber for storing separated seeds, in which the seeds with analogous spectrometric characteristics are stored.
The performance parameters of optoelectronic grader systems consist of the performance characteristics of optoelectronic devices from which they are composed. The response time of the optical (diagnostic) system depends on the response time of the photodetectors (up to 10 −10 s). The response time of the electronic system consists of the response time of the multiplexer "2N × 1" (up to 10 −9 s), analog-to-digital converter (up to 10 −4 s), and microprocessor (up to 10 −6 s), and the response time of the mechanical system depends on the response time of the stepper motor (up to 10 −3 s).
To describe the motion (see Figure 1 ) of a single seed in a transparent seed conduit, the basic provisions of theoretical mechanics [33] were used, as well as the numerical simulation of motion conditions to solve the problem of determining time. Numerical simulation was performed using the MatLab application software package, version 2010b.
Theoretical Assumptions
Imagine the movement of a single seed as the movement of its center of mass. The center of mass moves as a material point, in which is concentrated the entire mass of the seed and to which is applied the resultant of the external forces R a . The movement of seed occurs through three distinct zones (see Figure 1 ). Consider the initial conditions of motion in each of them.
Task Definition

The Motion Time
The total time of movement of a single seed T inside the seed pipe of an optoelectronic grader is the sum of the time of passage in the first T 1 , the second T 2 , and the third T 3 zones of movement (see Figure 1 ). In this case, the time of passage in the first zone consists of the sum of the time T 11 after the moment of optical contact during the operation of the diagnostic module. The total time of movement of a single seed from the beginning of the movement in the pipeline to the end of the movement in the receiver is
Substituting the response time of the optoelectronic grader devices into Equation (1) from the moment of signal detection to the moment of seed departure from the pipeline, we obtain
For guaranteed response time to the seed image and improvement of the separation process for further calculations, we accept
Movement Zone I
The mathematical description of the law of motion for a single seed in zone I in the one-dimensional Cartesian coordinate system (vertical axis x) is as follows:
where m is the seed mass in kg;
..
x is the acceleration a x of the center of mass of the seed in m·s −2 ; g is the gravity acceleration, g = 9,81 m·s −2 ; R ax = 0.5c x ρS s v 2 is the resultant of the resistance forces, in that c x is the dimensionless drag coefficient of the seed in the air; ρ is the seed density, kg·m −3 ; S S is the square of the seed midsection, m 2 ; v is the speed of the mass center of the seed, v = .
x, m·s −1 .
The solution to Equation (1) with initial conditions
gives .
x = x(t).
The equation of the form x(t) = H 1 will determine the:
The function allows you to track the speed of the center of mass of a single seed at all points of zone I, including
We obtain the initial velocity v 1 of a single seed in zone II, namely .
Movement Zone II
The mathematical description of the law of motion for a single seed in zone II in the natural coordinate system (τ-and n-axes) is as follows: s is the acceleration of the mass center of seed in m·s −2 ; µ is the coefficient of friction;
N is the normal force, N; ϕ is the angle of deviation of the linear velocity vector from the horizontal in rad;
R is the curvature radius that best approximates the seed pipe's curve at point O II in m.
From Equation (8), we have
From Equation (7), by substituting N, it follows that
Thus:
• the Equation (11) with initial conditions (6) gives a solution s = s(t); • the equation of the form s(t) = 1 2 πR will determine the time T 2 during which a single seed will pass zone II;
• the equation of the form s(t) = 1 2 πR will determine the radius of curvature of the seed pipe for a given time T 2 ; • . s(t) is the speed of a single seed for all t, including the speed at the end of the corner . s(T 2 ) = v 2 .
Movement Zone III
The mathematical description of the law of motion for a single seed in zone III in the two-dimensional Cartesian coordinate system (x 3 -and y 3 -axes) is as follows: m ..
From Equation (12) with initial conditions of the form
it will be possible to determine the time T 3 during which a single seed will pass zone III.
Reduction of Equations to a Dimensionless Form
Reduction of equations to dimensionless form usually allows one to significantly reduce the number of parameters. We introduce the typical parameters t tp , l tp , m,
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Zone I
We give Equation (4) in a dimensionless form:
Denote in equation (16) gt 2 tp l tp = g * , 0.5c x ρS s l tp
Then
Zone II
We give Equations (7) and (8) 
Zone III
We give equation (∆) in a dimensionless form
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After transformations of the Equation (25) taking into account v = v * 2
Result and Discussion
The analysis shows that Equation (18) can be solved analytically, but Equations (23) and (27) require numerical study with initial conditions (solution of a Cauchy problem).
With the help of the Matlab application software package version 2010b, numerical patterning was carried out for two extreme positions: maximum and minimum possible seed parameter. Constant values were seed geometry, seed density, the square of the middle section, the coefficient of friction, and the coefficient of flow. The variation was subjected to the geometrical parameters of the seed pipe: the seed pipe's height h 1 in zone I, the radius of curvature R of the seed pipe in zone II, and the height h 3 of the seed fall in zone III. As a result, the characteristic of the change in the time T of movement of the seed in the above areas and its speed (see Figure 2 ) was obtained.
In the first zone (see Figure 2a ), the time of seed movement depends mainly on the air resistance, and with values of seed pipe height from 0.2 to 0.5 m, it fits perfectly into the conditions (3) and (6). The speed of movement of the seed at the maximum physical and mechanical parameters of the seed is significantly higher than the speed at the minimum parameters, but when the height of the seed pipe is from 0.1 to 0.2 m, the movement time of such seeds is the same. Therefore, it is desirable to choose the height of the seed pipe in this area based on the purpose of the device; for the mobile version it is advisable to lay a height of 0.1-0.2 m.
In the second zone (see Figure 2b ), the speed of seed movement at values of the radius of curvature of the seed pipe greater than 0.02 m does not depend on the physical and mechanical parameters of the seed. In the same range, there is a decrease in the time of motion due to the additional force of friction on the seed pipe walls. Therefore, we consider it appropriate to recommend that when designing a separation module device, the radius of curvature of the seed pipe in the second zone should be in the range of 0.01 to 0.02 m.
In the third zone (see Figure 2c ), there is a characteristic region of change in seed velocity in the 0.05 to 0.06 m range of the height of the fall of the seed. The reduced in the velocity of a single seed having a maximum size is explained by the larger values square S s of its midsection and the resultant R a of the external forces. At the same time, the fastest seed movement time from 0.1 to 0.2 s is observed at the zone. When designing the geometric parameters of the third section of the device, it is advisable to take into account the height of the fall to 0.05 m and be guided by the design features of the separating compartments. Moreover, in order to reduce the time of movement of the seed and as a consequence reduce the time of separation and increase the accuracy and performance of the device, it is necessary in future to consider the exclusion of the rotational motion of the seed pipe on zone II. was carried out for two extreme positions: maximum and minimum possible seed parameter. Constant values were seed geometry, seed density, the square of the middle section, the coefficient of friction, and the coefficient of flow. The variation was subjected to the geometrical parameters of the seed pipe: the seed pipe's height h1 in zone I, the radius of curvature R of the seed pipe in zone II, and the height h3 of the seed fall in zone III. As a result, the characteristic of the change in the time T of movement of the seed in the above areas and its speed (see Figure 2 ) was obtained. 
Conclusions
The efficiency of all grader systems is based on the time of passing a single seed, which should be greater than 10 −3 s.
The time and speed of movement of a single seed through a grader system depends on the geometric parameters of the mechanical system-the height of the seed pipe (from 0.1 to 0.2 m) and the radius of curvature (from 0.01 to 0.02 m).
The strength of air resistance due to the small height of the seed pipe does not have a significant effect on the increase in the movement time of a single seed.
Thus, through the use of the same optical scheme with a microprocessor, the compactness of the photodetector scheme allows, if necessary, to upgrade the grader to solve research problems and for field use in forestry. 
